Abstract After applying proper deoxyribonucleic acid (DNA) probes, fluorescence in situ hybridization (FISH) showed that the 8/9 centromeres-one per chromatid of the male haploid complement (X0) of Pyrgomorpha conica grasshopper-colocalized at the spermatid blunt end, where the spermatozoa flagellum inserts. A bundle of aligned 4′,6-diamidino-2-phenylindole-positive chromatid scaffolds, which formed the central spermatid core, was observed after DNA breakage detection followed by FISH. Modular nature of scaffold DNA was occasionally evident. The technique also showed that in the early spermatid, the chromatid scaffolds lacked any DNA nick, whereas abundant breaks accumulated in the surrounding loops. Moreover, immunodetection showed that scaffold DNA participated in the formation of triplex DNA, while this configuration was absent from the loops. During spermatid maturation, triplex DNA disappeared from the scaffold in parallel with loop retraction, while protamines replace histones. Thus, the presence of triplex DNA in the chromatid scaffold correlates with the anchoring of expanded DNA loops to it. After loop retraction, the scaffolds of all chromatids coiled as a single unit in the spermatid head. This cooperative coiling produced enlargement and tilting of the distal telomeric signals, which were distributed along the spermatid head according to the length of each chromosome. We propose that specific DNA sequences dispersed throughout the whole chromatid fold forward and backward coaxially to chromatid length, forming individual scaffold modules whose linear assembly accounts for the minimum length of each individual chromatid. Finally, the core of the grasshopper male spermatid should be considered as a single chromosome in which the DNA scaffolds of the whole set of the nonhomologous chromosomes of the haploid complement are interconnected. This pattern of chromatin organization applies probably to other elongated spermatids.
Introduction
The morphology of the spermatid nuclei changes as basic proteins substitute for histones in Drosophila (Hennig 2003) and extensive chromatin condensation is being achieved (Jayaramaiah-Raja and Renkawitz-Pohl 2005) . During Drosophila spermiogenesis, histones are modified by sitespecific methylation, acetylation and monoubiquitination. Then, histones are transiently replaced by transition proteins and these, in turn, by protamines (Rathke et al. 2007 ). The process is essentially analogous to that taking place in mammalian spermiogenesis (Govin et al. 2004 ).
However, there are not protamines in the spermatozoa of the house cricket. Instead, they contain five histones resembling the F1, F3, F2a1, F2a2, and F2b of calf thymus, plus a new basic protein that appears in late spermatids or in spermatozoa (Tessier and Pallota 1973) . This additional protein is an arginine-rich histone with unique features (Pallota and Tessier 1976) .
During spermiogenesis, abundant deoxyribonucleic acid (DNA) breaks appear, as reported both in mammalian (Sakkas et al. 1995) and in insect species (Rathke et al. 2007 ). The production of DNA nicks during spermiogenesis will obviously ameliorate the torsional strain produced in unconstrained supercoils not only during the replacement of DNA-binding proteins but also during the extreme chromatin condensation that characterizes this process. The induction of DNA nicks seems to depend on topoisomerase II because, in short-term cultures of mouse testicular cells, inhibitors of this enzyme prevents their appearance (Labergé and Boissonneault 2005) . It is largely unknown how sperm chromatin structure avoids any illegitimate DNA recombination to take place during repair of the physiological double-strand breaks taking place in spermiogenesis.
Triplex DNA (also known as H-DNA) is a relatively rare conformation of native DNA in which two pyrimidine nucleotide strands share a common purine strand (Felsenfeld and Rich 1957) . Triplex DNA motifs leave single-stranded DNA apt to hybridize with complementary single-stranded DNAs or ribonucleic acids. Triplex DNA is credited to be operative in chromatin organization. Thus, short triplex DNA motifs self-assemble to give rise to highly condensed and ordered structures (Goobes et al. 2002) . In insects, triplex DNA accumulates in the polytene chromosome bands inactive in transcription, where it is involved in the ectopic pairing of nonhomologous genome regions (Burkholder et al. 1991) . Thus, some triplex DNA sequences are probably responsible for the nonhomologous recombinational DNA repair of double-strand breaks. This mechanism is the only one possible in the spermatid uninemic chromosomes, as it is the case in the uninemic G1 chromosomes of somatic cells (Takata et al. 1998 ). In the human genome, triplex DNA accumulates also on gene promoters, suggesting a possible inhibitory role on any transcription but the tissue-specific one (Goñi et al. 2004) .
Little is known about the actual state of chromatin organization in the spermatid, and this applies to all species. The chromatid is the basic unit of the eukaryotic chromosome. There is a single chromatid per chromosome after the postmeiotic telophase II and also after the somatic mitosis. Visualization of unexpected features of the scaffolds supporting the chromatids constituting the spermatid head of a grasshopper was possible because of their exquisite ordering and extreme packing. The present research was aimed to look for distribution of triplex DNA, if any, and of DNA nicks during the chromatin remodeling taking place throughout spermiogenesis in the grasshopper Pyrgomorpha conica. Spermatogenesis of this insect was selected because we had previously developed a series of specific DNA probes for telomeric and centromeric sequences (López-Fernández et al. 2004 , which were perfect tools to follow their distribution in the spermatid head.
Materials and methods
Testes of P. conica (Orthoptera: Pyrgomorphidae) were removed from adult males. Some of them were fixed in 3:1 ethanol/acetic acid (phase contrast microscopy and conventional fluorescence in situ hybridization [FISH] ). Other animals were kept alive for fresh utilization.
Fluorescence in situ hybridization
For conventional in situ hybridization, either a specific DNA clone (PyrAlu-2p) derived from a P. conica DNA library specific for pericentromeric heterocromatin, a DNA probe with a poly-TTAGG sequence to label telomeres, or a whole genomic DNA was used. DNA probes were biotinylated by nick translation, denatured, and hybridized overnight at room temperature on dried slides. Slides were washed twice in 50% formamide in 2× salt-sodium citrate (SSC), pH 7.0, for 5 min, and twice in 2× SSC at pH 7.0, for 3 min, at room temperature. The hybridized probe was detected with streptavidin-Cy3 (1:200; Sigma-Aldrich Química SA, Madrid, Spain). Cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) or propidium iodide in Vectashield (Vector, Burlingame, CA).
Preparation of nucleoids
To prepare nucleoids in agarose microgels, meiocytes were released from testes by mechanical separation to obtain single cell suspensions. Cell concentration was adjusted to five to ten cells per field, under ×40 objective (approx. 10 million cells/ml). Cells were collected in a 1.5-ml Eppendorf tube. After 5 min sedimentation, the supernatant was transferred to another tube and centrifuged at 1,000×g for 5 min. The cell pellet was resuspended in fresh saline solution. Cells were mixed with low-melting-point agarose at 37°C at a final concentration of 0.7%. Fifteen microliters of the mixture were layered onto a glass slide precoated with 0.65% standard agarose dried at 80°C, covered with a 10×60-mm coverslip, and allowed to solidify at 4°C.
To remove nuclear proteins to get the nucleoids, coverslips were gently removed. Then, the slides were placed in the lysing solution (0.4 M Tris-HCl, 2 M NaCl, 1% sodium dodecyl sulfate [SDS] , pH 7.5), at room temperature, for 20 min.
To find out whether the possible presence of disulfide bonds may affect the appearance of nucleoids, a different lysing solution containing 2 M 1, 4-dithio-DL-threitol (DTT, from Fluka Chemie AG, Germany), 2 M NaCl, and 1% SDS, pH 7.5, was used. Its DTT component will release any S-S links present between the nuclear proteins.
FISH detection of DNA breaks (DBD-FISH)
To combine DNA breakage detection (DBD) with FISH (Fernández et al. 1998) , half of each slide was covered with the insect cells, while human blood leukocytes (control) occupied the other half. After the lysing solution was used to remove proteins, the resultant nucleoids were washed in 0.9% NaCl for 10 min before being incubated in an alkaline unwinding solution (0.03 M NaOH, 1 M NaCl) for 2.5 min at 7°C, in the dark. This process transforms DNA breaks and alkali-labile sites into short single-stranded DNA regions. After neutralizing for 5 min with 0.4 M Tris-HCl, nucleoids were washed in TBE buffer (0.445 M Tris/borate, 0.001 M disodium ethylenediamine tetraacetic acid) for 2 min, dehydrated by their passage throughout 70, 90, and 100% ethanol baths (2 min in each), and air-dried.
For in situ hybridization, a P. conica whole genome probe (4.3 ng/μl in 50% formamide/2×SSC, 10% dextran sulfate, 100 mM calcium phosphate, pH 7.0; 1× SSC is 0.015 M Na citrate, 0.15 M NaCl, pH 7.0), which had been biotin-labeled by nick-translation, was denatured and hybridized overnight at room temperature on dried slides. In parallel, a whole DNA probe using human DNA was prepared under similar conditions and used as an internal hybridization control. After hybridization, slides were washed twice in 50% formamide/2× SSC pH 7.0, for 5 min, and twice in 2× SSC pH 7.0 for 3 min, at room temperature. The hybridized probe was detected with streptavidin-Cy3 (1:200; Sigma-Aldrich Química SA). Cells were counterstained with DAPI or propidium iodide in Vectashield (Vector).
Triplex DNA detection
To detect triplex DNA, immunofluorecence was performed on agarose microgels containing a layer of nuclei of spermatozoa from fresh testis tissues. The microgels were permeabilized for 10 min with 1% Triton-X in phosphatebuffered saline (PBS) and washed for 10 min with 0.05% Tween in PBS. After incubation with 20 mM glycine in PBS solution, the slides were incubated with primary antitriplex antibodies overnight, in a humid chamber. Extensive washing in 0.05% Tween in PBS (3×10 min) and 1 h incubation with goat anti-mouse secondary antibody Alexa 488 (Molecular Probes, wavelength=495/519 nm) followed. After washing with 0.05% Tween in PBS, the nuclei were counterstained with DAPI in Vectashield (Vector).
The primary (Ohno et al. 2002) .
FISH detection of DNA breaks (DBD-FISH) signals and anti-triplex DNA was sequentially performed. The protocol included first the detection of the antibody against triplex DNA, followed by the DBD-FISH procedure to discern DNA breaks. The alkali solution used for DNA denaturation removes most of the detected antibody. After performing DBD-FISH, digital images were captured with a motorized Leica DML microscope to fix targeted regions on the slide. After DBD-FISH, the slides were reanalyzed and photographed, under a DMRB epifluorescence microscope (Leica, Wetzlar, Germany), equipped with a Leica CCD black and white 12-bit camera. A PL Fluotar 100× objective and appropriate fluorescence filters for DAPI and Cy3 were used. Direct-color photographs were acquired with a Photometrics CoolSnap CCD mounted on a motorized Leica DML microscope.
Results

Markers for sperm chromatin distribution
Different stages could be recognized in the process during which nuclei of young roundish spermatids transform into elongated sperm heads (stages 1 to 6 in Fig. 1a ). The spermatid blunt end connects to a long flagellum (stages 3 to 6 in Fig. 1a ) and produces an oriented long sperm with a distal thin end and a proximal end containing bulk chromatin (Fig. 1a) . The elongated sperm nuclei (stage 7 in Fig. 1b) are the final stages found within the gonad, as the different mature spermatids here shown will be subsequently released to the deferent tubuli.
The P. conica grasshopper displays XX/XO sex determinism. Thus, 8/9 chromatids, corresponding to all the uninemic (unreplicated) chromosomes of its male haploid complement, are contained in each spermatid. A very distinctive feature of this species is that all its chromosomes are acrocentric. Conventional FISH with DNA probes (PyrAlu-2p) that hybridize to DNA sequences in pericentromeric constitutive heterochromatin (López-Fernández et al. 2006) showed the location of all the centromeres in the diplotene chromosomes (pink, in Fig. 2a) . All of the chromosomes here displayed are bivalents that, in this species, tend to have a chiasma close to centromeres. Then, some bivalents look like a metacentric chromosome, and the chiasma might be confused with a centromere, although this is not the case.
FISH signals for detecting centromeres show how they concentrate in the blunt end of the young roundish spermatids (yellow in Fig. 2b,d) , where a maximum number of nine centromeres were detected. Frequently, the proximity among the different centromeres barred their resolution as separate units. The centromeres concentrated at the spermatid blunt end (Fig. 2c,d ) early in the spermiogenesis and remained in this position throughout the whole spermiogenesis, as shown in the fully elongated spermatids (Fig 2e) .
Distribution of telomeres in the spermatid was also revealed by using this time the poly-TTAGG DNA probe for telomeric sequences. The size of telomeres in this species visualized with this DNA probe is very small when compared with those in other Orthopteran species, even in Fig. 2 Conventional FISH using pericentromeric and telomeric DNA probes. a Diplotene showing the pericentromeric localization of PyrAlu-p2 DNA probe (pink) in all of the bivalent chromosomes, in the meiosis of this species. Their frequent chiasma tends to be formed close to centromeres, so that these bivalents might be confused with metacentric chromosomes. b Localization of the pericentromeric DNA probe at the proximal end of roundish early spermatids. c, d Roundish spermatids showing polarized distribution of this DNA probe under phase contrast and FISH, respectively. e Elongating sperm head showing the same polarized distribution of the pericentromeric DNA probe. f Telomeric DNA sequences detected by FISH after applying a poly-TTAGG DNA probe. These sequences are distributed in around eight sites along the whole length of the elongating spermatid. These signals correspond to the telomeres distal to centromeres, while those corresponding to telomeric sequences in the pericentromeric heterochromatin remain undetected. g Telomeric signals in a final stage spermatid. Note that the final coiling of all chromatid scaffolds forming the spermatid core tiltes the telomeres of the different chromatids. h Elongated spermatid nuclei showing the coiling achieved by the spermatid nuclei (SybGreen II staining) at late spermiogenesis. Bars=300 μm Fig. 1 Morphology of P. conica spermatid nuclei. Numbers 1 to 6 in a and number 7 in b show progressive stages of spermatid maturation taking place during male spermiogenesis in this species. Bars=400 μm the highly undercondensed meiotic chromosomes (López-Fernández et al. 2004 ). In the spermatid cells, the FISH hybridization signals for these telomeric DNA probes corresponded only to the distal telomeres, i.e., to telomeres localized at the noncentromeric end of each chromosome arm (Fig. 2f,g ). On the other hand, the interstitial telomere sequences localized close to or embedded into the constitutive pericentromeric heterocromatin were not visualized. However, because all chromosomes are acrocentric in this species, the apparently missing set of proximal telomeres should be located at the spermatid proximal end and hence close to or embedded into the constitutive heterochromatin localized by the PyrAlu-2p DNA probe (at the bottom of Fig. 2f,g ).
Coiling and looping of the spermatid core After achieving maximum chromatin condensation, the bundle of chromatid scaffolds forming the spermatid core coiled (Fig. 2g) . This modified the morphology of the FISH signals corresponding to the distal telomeres distributed throughout the whole spermatid length in the mid-spermatid. Bars: a, c-d=40 μm; b=25 μm Fig. 4 Early spermatid nuclei sequentially processed for visualization of DNA nicks and triplex DNA, after previous release of DNA loops induced by DTT. a Presence of DNA breaks after DBD-FISH by using a whole genome DNA probe (red). Individual chromatid scaffolds (blue, DAPI + ) align coaxially to the spermatid length, forming the spermatid core. The set of chromatid scaffolds seem to be formed by nick-free DNA. b Immunolocalization of triplex DNA shows that it concentrates in the spermatid core, i.e., where the chromatid scaffolds are located. In spermatids at this developmental stage, their accumulation is especially evident in the scaffolds regions associated to centromeres or in centromeres themselves. Gaps in the triplex DNAcontaining scaffolds proximal to centromeres are clearly observed. The telomeric signals clearly enlarged and became tilted in relation to the spermatid long axis (Fig. 2g) . The cooperative coiling of the bundle of DNA chromatid scaffolds was also visualized in the most mature elongated spermatid heads, by using the SybGreen DNA fluorescent dye (Fig. 2h) . No traces of FISH hybridization were detected under the maximum spermatid coiling achieved by late spermiogenesis.
When the intact unfixed spermatids are embedded in an agarose microgel and then subjected to a lysis buffer, chromosomal proteins are lost (Fernández et al. 2002) . Addition of DTT to the buffer used to break the protein disulfide bonds resulted in the observation of DNA loops forming a halo along the spermatid axis or core (Fig. 3b,c) , independently from the spermatid maturation stage (compare Fig. 3c,d ). DNA loop release was homogeneously distributed along the spermatid whole length, and the emerging loops were similar in size (Fig. 3a,b) , although their density was lower at the distal than at the proximal (centromeric) spermatid ends (Fig. 3c) . In open contrast, no conspicuous DNA loops were observed when the lysing buffer did not contain any DTT, although SDS was still present (Fig. 3d,e) . However, a few scaffold widenings were observed before maximum compaction of the spermatid core was achieved (Fig. 3d) . They may correspond to spontaneous and probably physiological relaxation of some specific DNA loops. It should be worthy to analyze whether these slightly expanded regions could be related to the low level of spermatid-specific transcription.
Looped and scaffold DNAs. The uneven distribution of DNA breaks and triplex DNA To localize the possible presence of DNA breaks altogether with constitutive alkaline-labile sites, the intact unfixed spermatids embedded in an agarose microgel were subjected to the DBD-FISH protocol (Fernández et al. 1998 ), after using a lysing buffer containing DTT to break any possible disulfide bonds between proteins. Under these conditions, a bundle of DAPI + caffolds (blue), as those seen in the early spermatid of Fig. 4a , were neatly observed. Various DAPI + scaffolds ran in a parallel position, coaxially to the spermatid length. They finished in a large granule at the spermatid blunt end where all centromeres, a scaffoldspecific structure, were clustered (blue, bottom part of Fig. 4a-c) .
Using a whole genome DNA probe, it was observed that DNA breaks (red) were homogenously distributed in the early spermatids (Fig. 4a,c) . They did not quench the signal produced by DAPI intercalation in the different scaffold Observe colocalization of triplex DNA with the most positive regions to DAPI, which should correspond to those enriched in AT. j When the spermatid head coils, again, triplex DNA is not detected any longer. Bars= 100 μm DNAs. Hence, scaffold DNA was apparently nick-free. On the other hand, abundant DNA nicks were present in the DNA loops (expanded by a previous treatment with DTT) that were distributed along the spermatid chromatid scaffolds (Fig. 4a,c, red) .
Triplex DNA was also immunolocalized by specific antibodies (Burkholder et al. 1991) , in the protein-depleted spermatids suspended in microgels. Triplex DNA (green) was absent from the dispersed peripheral loops. It accumulated instead on the bundle of chromatid scaffolds forming the longitudinal spermatid core (Fig. 4b) . Centromeric scaffold DNA regions were specially enriched in triplex DNA and formed a large granule. Interstitial segments of the DNA scaffolds corresponding to centromeres and pericentromeric regions, were apparently discontinuous or displayed different compaction levels (green signals at bottom of Fig. 4b,c) . Other intercalar triplex DNA signals, distributed all along the whole length of the spermatid core, accumulated in structures resembling dots (green in color).
The elongated spermatids of Fig. 5 , which are more mature than those in Fig. 4 , after their lysis in the absence of DTT, showed their DAPI + chromatid scaffolds (blue) aggregated in a tight solid spermatid core (Fig. 5a-f,j) .
Discrete clusters of hybridization signals corresponding to DNA nicks (red) were identified by FISH (Fig. 5a-e) . They seem to correspond to previous loops that had not yet fully retracted toward the bundle of DAPI + chromatid scaffolds (Fig. 5a-e) , as they disappeared earlier in the telomeric (upper part, Fig. 5c -e) than in the centromeric spermatid ends (bottom of Fig. 5c-e) . In the nearly mature spermatids, chromatid scaffolds remained nick-free.
In relation to triplex DNA detection in the mature long spermatids, the most intense signals (green) colocalized with the brighter DAPI + (blue) regions, i.e., scaffold DNA sequences relatively enriched in AT (Fig. 5g-i) . Triplex DNA (green) disappeared gradually from the DAPI + scaffolds (blue), from distal to proximal regions of the spermatid. Thus, disappearance of triplex DNA from the spermatid core roughly followed the compaction and retraction of DNA loops observed by DBD-FISH (Fig. 5b-d) , in spite that this last process depends on the formation of disulfide bridges linking chromosomal proteins.
When the bundle of chromatid scaffolds forming the spermatid core was completely coiled, no FISH signals for DNA breaks (red) or signals for triplex DNA (green) remained in these spermatids (Fig. 5f,j) . Fig. 6 Model for the association of chromatid scaffolds in the spermatid and for looped DNA distribution in each individual chromatid scaffold. Only three out of the 8/9 chromatid scaffolds contained in the spermatid head are depicted. a In the spermatid head, all the FISH-detected centromeres occupy the blunt spermatid tip (as observed in Fig. 2b,d) , where the proximal telomeres remain undetected, because their embedding in the pericentromeric heterochromatin. On the other hand, the distal telomeres are detected at different distances from centromeres (as observed in Fig. 2f,g ). b Cooperative coiling of the different chromatid scaffolds in the spermatid. The telomeric signals grow and tilt in relation to the spermatid core, making evident their coiling (as observed in Fig. 2g ). c Model for the distribution of DNA in each of the individual scaffolds forming the spermatid cores. Four contiguous modules of scaffold-specific DNA sequences are depicted between the centromeric spermatid end and the end where the telomere of the longest chromosome of this grasshopper complement is located. Scaffold DNA folds forward and backward, coaxially to the chromosomal length, while DNA loops emerge from such scaffold in some of the regions where triplex DNA structures are located. Retraction of DNA loops toward the scaffold by late spermiogenesis will make that both looped DNA and its binding proteins appose to the chromosomal scaffold. DNA loop retraction occurs earlier in the distal telomeric than in the centromeric regions of the chromatid scaffold (as observed in Fig. 5c,d) 
Discussion
The bundle of DNAs running coaxially to each chromatid length constitutes the core of the spermatid head.
The P. conica haploid complement constitutes, in male spermatids, what might be considered a single chromosome formed by all the nonhomologous uninemic chromosomes. The bundling of all chromatids in the grasshopper spermatids, with all centromeres concentrated at the proximal end of each spermatid, allowed the detection of the DAPI + scaffolds of the exquisitely ordered chromosomes present in the postmeiotic spermatid. Centromeres, telomeres, and scaffolds of only three of the whole set of chromatids present in the P. conica early spermatids are depicted in Fig. 6a . For the sake of simplicity, the DNA loops surrounding the scaffolds have been omitted, although theywhen expanded-should occupy the pink-colored region of the drawing.
The cooperative coiling of chromatids, which culminates in late spermatids, is also depicted in Fig. 6b . Again, no DNA loops have been drawn. The position of DNA loops with abundant DNA breaks in relation to the chromatid scaffold as well as the loop release after DTT-induced breakage of disulfide bonds in the DNA-binding spermatid proteins suggest that DNA distributes in these postmeiotic cells according to the radial loop model developed for the mitotic chromosome (Paulson and Laemmli 1977; Sheval and Polyakov 2006) . Because DNA forms indeed each chromatid scaffold in this grasshopper spermatid, it is tempting to think that their mechanical integrity might be sensitive to restriction enzymes but not to proteases, as occurs in the mammalian mitotic chromosomes (Poirier and Marko 2002) .
Triplex DNA motifs in scaffold DNA and accumulation of nicks in the emerging DNA loops Spermatid arrangement differs in grasshoppers and mammals, in spite that both may contain protamines. However, the insect spermatid may share with the mammalian one the packing of each individual DNA loop domain in a single protamine toroid (Ward 1993) .
Triplex DNA may bind a single-stranded DNA from a denatured duplex in a loop to proper duplexes in the scaffold or viceversa. According to the present observations, triplex DNA will be responsible for the anchoring of the expanded DNA loops to the chromatid scaffold, assuring also a recognizable DNA rejoining to avoid undesirable DNA exchanges.
Triplex DNA enrichment may support the nick-free nature of the chromatid scaffold. Thus, an inhibitor of topoisomerase I specifically targets triplex DNA (Ren et al. 2000) . Moreover, triplex DNA marks the boundaries for topoisomerase II binding to non-triplex DNA sequences (Spitzner et al. 1995) , as those in the DNA loops emerging from scaffold.
The expanded DNA loops when anchored through triplex DNA motifs to the scaffold will endure important changes, including the formation of DNA breaks, sequential replacement of their histones by transition proteins and protamines, and, overall, the extreme chromatin condensation and packing achieved by late spermiogenesis.
In the human male sperm, some dispersed histoneenriched DNA segments include the promoters of protamine genes (Wykes and Krawetz, 2003) . As gene promoters, centromeres and telomeres are scaffold elements, the small fraction of nucleosomal-based DNA structures present in the human sperm may well correspond to some scaffold DNA sequences. As far as we know, there are not as yet any data on the situation in insects. However, the behavior of DNA scaffolds is strikingly similar in the spermatid and in the mitosis of the somatic cells. In both cases, there is efficient clustering of the chromatid centromeres and cooperative coiling of chromatids. As DNA packing in the mitotic chromosome is nucleosome based, it should be interesting to know whether residual histones remain bound to the DNA scaffold in these insect spermatids.
A model for scaffold DNA distribution in the chromatid The present observations suggest a specific model for the distribution of scaffold-related DNA sequences in the different spermatid chromatids. The dispersed scaffold DNA sequences fold backwards and forwards, coaxially to chromatid length (Fig. 6c) . This folding is compatible with orientation-independent role of enhancers in the activation of far apart transcription promoters in the eukaryotic cell.
The scaffold of each chromatid will be formed by the lineal apposition of discrete scaffold modules intercalated along the whole chromatid DNA. From this scaffold DNA model, it follows that the minimum chromatid length will result from the addition of the different scaffold units corresponding to a single DNA molecule forming a specific chromosome.
The model here displayed fits nicely with that developed for the scaffold DNA visible under electron microscopy in the mammalian sister chromatids of metaphase chromosomes (Mullinger and Johnson 1980) , when deproteinized and spread by the Kleinschmidt's protocol (1968) . However, the alternative protocol by Wray and Stubblefield (1970) was simpler and did not provide any evidence for scaffold DNA. Moreover, proteins such as topoisomerase II were localized in the longitudinal axis of each of the two chromatids of the somatic metaphase chromosome (Earnshaw et al. 1985) . From all this, the axiom was up to know that proteins are the support or scaffold of the chromatid in mitosis. However, the selective presence of DNA sequences enriched in triplex DNA in the bundle of DAPI + chromatid scaffolds of P. conica spermatids may challenge such long-standing paradigm.
According to the present data, some of the proteins that accumulate in the chromosomal longitudinal scaffold in the spermatid would be only apposed to the DNA forming the actual scaffold. Because of loop retraction, the scaffold would be enriched in proteins as topoisomerase II, which accounts for the different functions of the active DNA located in the loops. Delayed appearance of some of the proteins involved in gene function in the longitudinal chromatid axis of mitotic chromosomes at late prophase (Kireeva et al. 2004) supports that the scaffolds of mitotic and spermatid chromosomes may be similar.
Of the 381 proteins localized in the Drosophila sperm (Dorus et al. 2006 ), most of them should bind to the most abundant DNA, which are located in the loops. Only a minority should bind to scaffold-specific DNA. Although there are no data for Drosophila, proteomics has shown that the scaffold of the mammalian chromosome accumulates around 80 proteins, half of which have as yet no defined function (Gassmann et al. 2005) .
Only by understanding the architecture and dynamics of the highly packed chromatid will the mechanisms responsible for extreme DNA packing and massive gene repression taking place in gametes be fully comprehended.
